Group N streptococci, which have the lactose phosphoenolpyruvate (PEP)-dependent phosphotransferase system (PTS) and phospho-,f-r-galactosidase , grew rapidly on lactose and converted more than 90% of the sugar to Llactate. In contrast, Streptococcus lactis 7962, which does not have a 13-Pgal, grew slowly on lactose and converted only 15% of the sugar to ilactate. With glucose and galactose, this strain had growth rates and fermentation patterns similar to those of other S. lactis strains, suggesting that the rapid and homolactic fermentation of lactose that is characteristic of group N streptococci is dependent upon a functional PEP-dependent PTS and the presence of f-Pgal. Seventeen strains of group N streptococci were examined for the activator specificities of pyruvate kinase and lactate dehydrogenase. The properties of each enzyme from all the strains, including S. lactis 7962, were similar. Pyruvate kinase had a broad activator specificity, whereas activation of lactate dehydrogenase was specific for ketohexose diphosphate. All intermediates of lactose metabolism from the hexose phosphates to the triose phosphates activated pyruvate kinase. No activation was obtained with adenosine 5'-monophosphate. K+ and Mg2+ were required for pyruvate kinase activity but could be replaced by NH,+ and Mn2+, respectively. Lactate dehydrogenase was activated equally by fructose-1,6-diphosphate and tagatose-1,6-diphosphate, the activation characteristics being pH dependent. The roles of pyruvate kinase and lactate dehydrogenase in the regulation of lactose fermentation by group N streptococci are discussed.
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The major function of group N streptococci (Streptococcus cremoris, S. lactis, and S. diacetylactis) in milk fermentations is the production of lactate from lactose, and usually only those organisms that give homolactic fermentation are useful. Lactose metabolism involves entry into the cell via a phosphoenolpyruvate (PEP)-dependent phosphotransferase system (PTS) and subsequent cleavage of the lactose phosphate by phospho-,3-z-galactosidase (,BPgal) to give glucose and galactose-6-phosphate. These compounds are fermented via the glycolytic and tagatose-6-phosphate pathways, respectively (7) . An exception is S. lactis 7962, which has a /3-galactosidase but not a /8-Pgal (9) , and this strain appears to take up lactose as the free sugar and metabolize the galactose moiety through the Leloir pathway (7) . Group N streptococci have enzymes capable of converting pyruvate to a range of products other than lactate, although under normal growth conditions these pathways are not expressed and lactose fermentation by most strains is homolactic (7) .
Fine control of the metabolism of lactose to lactate may involve regulation by end products, precursor activation, allosteric enzymes, the energy status of cells, and the balance of oxidized and reduced forms of pyridine nucleotides. Conversion of PEP to lactate in group N streptococci involves the allosteric enzymes pyruvate kinase (2, 12) and lactate dehydrogenase (1, 5, 11) , which are both markedly activated by precursors in vitro. The present study was undertaken to determine some of the essential features of homolactic fermentation of lactose, using a wide range of group N streptococci. The data suggest that pyruvate kinase and lactate dehydrogenase are key enzymes in lactose metabolism by the group N streptococci and that the regulation of these two enzymes was similar in all strains investigated.
MATERIALS AND METHODS
Organisms and culture conditions. Most of the group N streptococci ( Enzyme preparation. Cell-free extracts were prepared as described previously (2) after disruption of the cells by shaking with glass beads (13) . Extracts were dialyzed overnight at 4°C against 50 mM triethanolamine-hydrochloride buffer (pH 7.5) containing 20% glycerol. Loss of either pyruvate kinase or lactate dehydrogenase activities was less than 5% under these conditions. The protein concentration of extracts was measured (8) , using bovine serum albumin as standard.
Enzyme assays. Assays were carried out at 25°C by following the rate of oxidation of reduced nicotinamide adenine dinucleotide (NADH) at 340 nm. Pyruvate kinase assay mixtures contained 50 mM triethanolamine-hydrochloride buffer (pH 7.5), 8 mM MgCl2, 80 mM KCl, 5 mM adenosine 5'-diphosphate, 0.12 mM NADH, 2 mM activator, pyruvate kinase solution, and nonlimiting lactate dehydrogenase in a final volume of 1.0 ml (12) . Lactate dehydrogenase assay systems contained 50 mM triethanolaminehydrochloride buffer (pH 7.5), 10 mM sodium pyruvate, 0.2 mM activator, 0.1 mM NADH, and enzyme sample in a final volume of 1.0 ml (11) .
Reaction rates were corrected for the low level of NADH oxidase activity present in some extracts, and rates were proportional to enzyme concentration. Sugar phosphates and other metabolites were obtained as described previously (11, 12 (Table 4) . This activation was markedly dependent upon the assay pH (Fig. 1) (Fig. 1) . DISCUSSION S. cremoris AM2 and S. lactis strains C,O and ML3 grew rapidly on lactose and glucose, converting more than 90%o ofthe sugar to L-lactate.
These strains possessed lactose phosphotransferase activity, when assayed by the procedure of Kornberg and Reeves (6) , and 3-Pgal activity (K. W. Turner and T. D. Thomas, unpublished data) . Metabolism of lactose appears to proceed as outlined in Fig. 2 . Only 1 of 23 members of the group N streptococci previously examined did not possess 10) . In the present study, this atypical organism (S. lactis 7962) grew slowly on lactose, converting only 15% of the sugar to L-lactate. Therefore the lactose PEP-dependent PTS plus f8-Pgal may be a prerequisite for rapid growth and homolactic fermentation of lactose by group N streptococci, since growth rate and lactate production by S. lactis 7962 with glucose and the regulatory properties of pyruvate kinase and lactate dehydrogenase were similar to those in other strains. This is supported by observations that a 18-Pgal-defective mutant of S. kactis 11454 grew more slowly on lactose than the wild type and produced largely formate and acetate (3) .
A regulatory function has been suggested for pyruvate kinase from lactic streptococci due to the cooperative binding of its substrate PEP and allosteric activation by FDP (2) and other glycolytic intermediates (12) . The pyruvate kinase from all strains tested in the present investigation was activated by eight intermediates of lactose metabolism (Fig. 2 ) and inhibited by orthophosphate, suggesting an exceedingly complex situation with respect to regulation in vivo. The effectiveness of these activators, judging from their 0.5 values (activator concentration at half-maximal velocity), de- creased in the order D-glucose-6-phosphate, dihydroxyacetone phosphate, D-fructose-6-phosphate, DL-glyceraldehyde-3-phosphate, FDP, Dtagatose-6-phosphate, TDP, and D-galactose-6-phosphate (12) . However, the intracellular concentrations of these intermediates in growing cells are unknown. Control of pyruvate kinase activity may regulate the intracellular PEP concentration and hence provide a coupling between lactose transport via the PEP-dependent PTS and the subsequent metabolism of this sugar (see Fig. 2 ). Thus pyruvate kinase is likely to be a key regulator of glycolysis in group N streptococci. When S. mutans and S. bovis were grown in continuous cultures, the intracellular PEP concentration was high when glucose was growth limiting and low with glucose excess (15) . The pyruvate kinase from these organisms had properties similar to that from lactic streptococci, although activation was specific for glucose-6-phosphate (16) .
Activity of lactate dehydrogenase from group N streptococci was dependent on pH and the presence of FDP or TDP. Activation was specific for ketohexose diphosphate, and the activator 0.5 value in the absence of orthophosphate was 3 ,M (11). However, since orthophosphate inhibited lactate dehydrogenase from S. cremoris (5), the enzyme may require a much higher activator concentration for stimulation in vivo. The intracellular concentration of FDP in S. lactis ML3 growing exponentially on lactose was 18 mM (2) . Regulation of lactate dehydrogenase activity in vivo may ensure that during anaerobic growth at rapid rates the intracellular pyruvate concentration is low so that other pathways of pyruvate metabolism are not expressed and fermentation is homolactic. Certain growth conditions that result in heterolactic fermentation may do so by reducing lactate dehydrogenase activity. Recent reports indicate that growth of S. mutans (4, 15) , S. bovis (15) , and Lactobacillus casei (14) in continuous cultures at high dilution rates with excess glucose gave homolactic fermentation, but' that at low dilution rates with limiting glucose, lactate was only a minor product. With the streptococci, this change from homolactic fermentation was accompanied by a dramatic decrease in the intracellular concentration of FDP, which activated lactate dehydrogenase from these organisms (15) . The intracellular concentration of pyruvate was not measured. This change in end products resulted from an effect on lactate dehydrogenase activity, and synthesis of enzymes involved in metabolism of pyruvate was not involved (15) . Similar studies using intact cells will be undertaken with group N streptococci to determine whether there is a correlation between the balance of fermentation products and the level of key intermediates.
